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Abstract 
The recovery of hydrocarbons has gone into deep and ultra-deep waters. Typically, operations from such an 
environment make the system susceptible to flow assurance challenges. Operations with long subsea flowlines 
need special attention with respect to flow assurance problems, especially with respect to wax deposition and risk 
of hydrate formation. As a result, during such operations, it becomes very crucial to evaluate the flowline sizes, 
flow rates and subsea flowline lengths to minimize flow assurance problems. For the wax deposition control, the 
operating temperature must be maintained above wax appearance temperature (WAT) by either insulation or 
electrical heating depending on the cost and energy efficiency factors. In this study, several multiphase simulations 
were carried out using PIPESIM software to investigate the effects of flowline sizes, flow rates, insulation material, 
type and configuration on flow assurance of waxy crude over 10.2 km between the wellhead and the first stage 
separator on the platform. Considering the implications of these factors for flow assurance. The data and results 
obtained from this study suggest that line size of 0.29 m, the flow rate of 3280 m3/d, poly-urethane foam, and pipe-
in-pipe insulation type are favourable to flow assurance of waxy crude with respect to maintaining the temperature 
of the fluids above the wax appearance temperature of 26 oC; and also to deliver the fluids to the platform at the 
recommended pressure of over 11 bar. 
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1. Introduction 
Oil and gas exploration and production accounts for over 35 per cent of energy sources worldwide, making it a 
major and crucial source of energy to the world energy mix. (International Energy Agency, 2018). The gradual 
depletion of onshore hydrocarbon reserves has led to the rapid increase in oil and gas exploration in offshore 
regions. These regions contain reserves which may be situated in shallow, deep or ultra-deep waters. The advent 
and increase in offshore and subsea production have come with its peculiar challenges. Factors such as harsh 
environmental conditions, flow assurance issues, difficulty and cost of the inspection, repair and maintenance of 
subsea systems amongst others pose challenges to effective, economic and reliable products throughout the 
economic life of offshore fields (Girma et al., 2018). Flow assurance is a particular issue that affects offshore 
fields, especially those in deep waters. Flow assurance refers to the guarantee of the flow of hydrocarbon from the 
wellbore up until the point of sale or processing (Jung et al., 2014; Kang et al., 2014). This is a challenge due to 
the large water depth from the seabed to the host platform, in cases where a floating platform is utilized, or the 
long tie-in distances in cases where tie-backs are used to develop such a field.  This distance leads to temperature 
and pressure losses, resulting in reduced velocity and multiphase flow accompanied by the formation of wax and 
hydrates. Also, the huge temperature differential between the subsurface temperature and the seabed temperature 
leads to flow assurance issues. This makes flow assurance a major aspect of offshore field development 
(Hoffmann, 2012).   
In recent years, the steady increase in energy demand globally as a result of the development of economies, 
growth in population and industrialization has led to a corresponding decline in conventional energy sources. It 
has triggered a shift into nonconventional sources. This is evident even in the oil and gas industry, where declining 
conventional oil reserves has led to the exploitation of heavy oil sources to augment for this decline.  Heavy crude 
oil is naturally-occurring petroleum compounds that are readily distinguished by their high specific gravities and 
low American Petroleum Institute (API) gravities. Heavy crude oil has API gravities that fall below 22.3° and 
specific gravities in regions greater than 0.92. They are further characterized by high viscosities, typically in 
Innovative Systems Design and Engineering                                                                                                                                     www.iiste.org 
ISSN 2222-1727 (Paper) ISSN 2222-2871 (Online)   
Vol.11, No.3, 2020 
 
14 
regions above 100 centipoises (cP). This characteristic feature makes it difficult to flow naturally, hence creating 
challenges in the area of crude transportation. However, due to the steady increase in offshore and deep-water 
projects, the study of wax deposition during heavy crude transportation is receiving more considerable attention 
and research on ways to overcome this challenge is being undertaken.  
Heavy crude oil contains long-chain saturated alkanes, which are prone to cause flow assurances issues like 
wax and paraffin, asphaltene, hydrates, and scaling during long-distance transportation (Hasan et al., 2010). These 
compounds become visible in the oil due to temperature drop and form a waxy and elongated crystal. Control of 
wax deposition needs to be effective to complete prevention of pipeline blockages. Wax appearance temperature 
(WAT) is the temperature at which crystal begins to form. Below WAT, crystals begin to develop and grow. The 
crystal can be formed in the flowing fluid, and it is transported along with the fluid in the form of particles or 
deposited on cold pipe walls where a build-up of crystals would occur (Bai and Bai 2012a). The pour point is the 
temperature at which oil will solidify into a gel (Bai and Bai 2012b). Wax deposition in subsea transport pipelines 
is a major flow assurance issue due to two resulting scenarios that can occur from the phenomenon; steady and 
gradual wax growth and precipitation radially leads to a reduction in flow areas causing unexpected pressure losses 
and slugging. In the extreme case, when wax growth is left unchecked, it can lead to the total plugging of the 
pipeline. These scenarios lead to production downtime and extra operating expenses required for remediation 
activities and unplugging of the flowline. In the worst circumstances, total field shutdown can occur. This was the 
case of the Staffa field, which was abandoned due to total plugging of the flowline at an evaluated cost in excess 
of $100 million (Bouchonneau et al., 2007). This shows that wax deposition in subsea pipelines is a complex and 
costly problem for the oil and gas industries. The financial implications can be alarming. Some remediation 
operations can last over 1.5 months and cost in excess of 30 million dollars. In the Gulf of Mexico, between the 
years 1992 and 2002, about 51 cases of plugged pipelines due to wax deposition were recorded. Remediation 
activities on these flowlines cost approximately $1 million/mile (Kang et al., 2014).  All these make it contingent 
for measures to be taken to avoid the formation of wax in subsea pipelines and flowlines. Before now, there are 
limited efforts to investigate the synergistic impact of factors such as flow rate, flowline size, water cut, insulation 
configuration, overall heat transfer coefficient, slugging, transient operations, etc. on the wax deposition. Sequel 
to this, this work focuses on analyzing the above factors on waxy crude transportation via multiphase simulations 
using PIPESIM. This research aim is to design a subsea flowline system to successfully transport fluids from a 
subsea manifold to a host platform without the formation of wax or hydrates.   
 
2.Research Data 
For recovered hydrocarbons from deep water wellheads to get to the platform, they have to flow through jumpers, 
manifolds and risers which are made to operate and withstand deep water pressures, temperatures and strong winds 
(Bai and Bai, 2005). But, by increasing the subsea tieback distances for a long-distance comes with associated 
issues. In such adverse operating conditions, there is always a high tendency for wax deposition and other flow 
assurance issues. These wax deposits can be intense enough to plug fluid transport to the platform. The severity of 
flow issues is greatly dependent on the hydrocarbon compositions and the prevalent temperature and pressure in 
the field (Zhang et al., 2016). The in-depth understanding of fluid and flow characteristics, together with thermal 
analysis is very crucial in developing strategies to manage wax deposition and other flow issues. 
Wax is a group of normal paraffin, containing 16 or more carbon atoms that turn into solid crystals at 20 ºC. 
These waxy crystals can agglomerate and grow into a higher molecular crystal, thereby causing deposition in the 
crude oil system. The temperature at which this happens is known as the wax appearance temperature. The wax 
deposition tends to plug flow and cause financial losses. Several techniques have been proven to be viable as wax 
deposition management strategy including thermal methods like heating and insulation, the use of wax inhibitors 
and pigging which is essentially a remediation strategy (Huang et al., 2015).  
This work focuses on the multiphase simulation of waxy crude in a subsea flowline to analyze and be able to 
predict and manage wax deposition and other flow assurance challenges prevalent in subsea operations. The subsea 
flowline being simulated is designed to flow produced hydrocarbons from a subsea manifold to a host platform.  
The production rate during maximum, normal and turndown scenarios are given as 1640, 2460 and 3280 sm3/day, 
respectively. Dry oil and associated gas with no significant water are expected for the first three years. The 
wellhead temperature varies between 45-50 oC, and the inlet pressure at the wellhead is 25 bar. The outlet pressure 
at the platform must be 11 bar and above if flow must be achieved. The 1st stage separator at the platform is 
designed with an 8.5m3 slug handling capacity. The wax deposition has been predicted to occur at temperatures 
below 26oC. The aim is to prevent wax deposition by using appropriate insulation material for the Flowline 
(Schlumberger, 2011). The need for the gas lift will be determined in the course of the work. To analyze the effects 
of critical parameters, including thermal insulation on the wax deposition, a steady-state simulator “PIPESIM” 
would be utilized.  
The multiphase fluids flow through flowline of 10km before getting to a 200 m riser. The riser connects to 
the platform. The project data was obtained from a field drilled in Africa. This field will be designated as Field X 
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in this report. The hydrocarbon properties for Oil X are contained in the project base data alongside operation 
constraints that must be adhered to. 
Table 1: PIPESIM Project Base Data 
Manifold / Well Data 
Temperature 45-50oC 
Pressure 25 bars 
Flow Line Data 
Rate of Undulations 0 
Horizontal Distance 10,000m 
Available Internal Diameters 0.24m, 0.29m, 0.34m. 
Pipe wall thickness 0.013m 
Pipe roughness 0.025mm 
Pipeline Thermal Conductivity 45 W.m-1 0C-1 
Minimum Outlet Pressure 11 bar 
Maximum Pipeline Outer Diameter 460mm 
Ambient Temperature 50C, Sea Water 
Wax Appearance Temperature 26oC 
Riser Data 
Elevation  +200m 
Available Internal Diameters 0.24m, 0.29m, 0.34m. 
Pure Hydrocarbon Components 
Components Mole% 
Methane 36.50 
Ethane 4.40 
Propane 2.60 
Isobutane 0.63 
Butane 0.13 
Isopentane 0.67 
Pentane 0.83 
Hexane 2.70 
Petroleum Fraction 
Name Boiling Point oC Molecular Weight Specific gravity Moles 
C7+ 101.1 115 0.683 51.54 
Aqueous Component 
Water 0% at initial conditions but later increased to 85%      
 
3.PIPESIM Description 
PIPESIM is a steady-state software and multiphase transport simulator used in the design, forecast and ‘diagnostic’ 
analysis of hydrocarbon production systems. 
PIPESIM software simulates multiphase flow from the reservoir through the wellhead to the platform. 
PIPESIM also diagnoses a pipeline, other production equipment and analyses surface facility performance to give 
a detailed forecast on a production system (Schlumberger, 2011). 
PIPESIM would be used in the selection of a suitable flowline diameter that will meet the outlet delivery 
pressure of not less than 11 bars. To achieve this: the flow model will be developed, and the flowline diameters 
will be utilized as sensitivity parameters while varying the flow rates. All the steps, taken to design for continued 
flow between the manifold and the platform are detailed in the steps below.  
 
3.1.Developing the model  
The flow model illustrates the proposed field layout detailing each component. This process is shown in Figure 1. 
It involves: 
• Select the Insert tab under Network Tools bar and input a source/manifold, flow line/subsea tieback, the 
junction (for the riser base), a riser, and a sink (platform). 
• Connect each object starting from the source to the sink 
• Name each object appropriately and differentiate each object with the specific information as stated in 
the base data table (see Table 1) 
After developing the flow model, assign any missing properties to each model object, Oil X should be the fluid 
assigned to the Subsea Manifold.  After these initial tasks, the main tasks can be started using the stepwise 
approaches to analyse the problems as enumerated under the methods (Schlumberger, 2011). 
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Figure 1: The PIPESIM Flow Model 
 
4.Methodology 
In designing the flowline, the following tasks shall be carried out as outlined below: 
Task 1: To size the flow line and pressure-distance profile analysis for the given flow rates 
The available flowline sizes, that is, for the subsea pipeline and the riser are given to be 0.24m, 0.29m, and 0.34m. 
This only applied to the pipeline diameter and does not affect any other layers. An appropriate internal diameter 
(ID) for the flowlines, required to maintain the delivery pressure above 11 bar must be determined. It must do so 
for all production scenarios (maximum, normal and minimum). In this case, the flowline diameters need to be 
sensitivity parameters in our iterations. The steps for executing this are detailed below: 
i. Under Set up > Flow correlations tab, choose the Beggs and Brill revised correlations for both vertical 
and horizontal flows 
ii. Under Operations,> System Analysis and Pressure-Temperature profile, carry out a system analysis 
with the given flow rates as the X-axis parameter and the given internal diameters as the sensitivity 
parameters 
iii. Simulate with the model and obtain the minimum line ID that meets the required outlet pressure of 11 bar 
criteria for the maximum flow rate of 3280m3/day (Schlumberger, 2011). 
Task 2: Determine that the selected line ID does not cause Erosional Velocity: 
To do this: the Erosional Velocity maximum needs to be estimated using the API RP 14E formula;  
𝑉௠∗ = 1.22 ∗  
஼
√ఘ೘
                                      (1) 
Where: 
𝑉௠∗  is Erosional Velocity maximum (m/s) 
C = 100,  
𝜌௠ = mixture density (kg/m3) and is provided in PIPESIM output file.  
To confirm that a flowline does not have issues with erosion, the maximum erosional velocity ratio, EVR must be 
less than one (1).  
Task 3: Estimate the hydrate formation temperature and determine the Overall Heat Transfer Coefficient 
(OHTC), U for the line: 
This involves iterations with Katz charts at a constant pressure of 25 bar, changing temperatures and estimating K 
values for C1, C2, C3, IC4 and nC4. The hydrate formation temperature is the temperature that results in:  
∑൫𝑦 𝐾ൗ ൯  =   1                   (2) 
Where, 
y is the vapour mole fractions of the components gotten from PIPESIM. These components, that is: C1, C2, C3, 
IC4 and nC4 have infinite K values (David, 2013). 
The hydrate formation temperature and Wax Appearance Temperature will be weighed against each other, and the 
greater of the two will be utilised as the minimum outlet temperature. A safety margin of 4 oC will be added to the 
WAT, making it 30 oC. The overall heat transfer coefficient is obtained through equation (3) below.  
𝑈 =  (௠∗ ஼೛೙)
஺
∗ 𝐼𝑛 ቂ(𝑇ଵ − 𝑡ଵ) (𝑇ଶ − 𝑡ଵ)൘ ቃ
                                    (3) 
Where, 
 𝑚 = mixture mass flow rate (kg/s),  
𝐶௣௡ = mixture Specific Heat capacity (J Kg-1 oC-1),  
A = external flowline area (m2), 
𝑇ଵ = Inlet temperature of the pipe/flowline (oC) 
𝑇ଶ = Outlet temperature of the pipe/flowline (oC) 
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𝑡ଵ = Surrounding flowline temperature, that is, seabed temperature (oC). 
𝐶௣௡ is obtained from the following equation: 
𝐶௣௡ =  (𝐶௣௟ ∗  𝐻௟) +  (𝐶௣௚ ∗ (1 − 𝐻௟))                                                 (4) 
𝐴 =  𝜋𝐷௢𝐿                                                                             (5) 
𝐷௢ =  𝐷௜ + 2(𝑡)                                                                       (6) 
Where 
𝐶௣௚ = Gas Specific Heat capacity (J Kg-1 oC-1) 
𝐶௣௟ = Liquid Specific Heat capacity (J Kg-1 oC-1) 
𝐻௟  = Liquid Holdup 
𝐷௢  = Flowline outer diameter 
𝐷௜  = Inner diameter of flowline 
𝑡 = flowline wall thickness 
𝐿 = Length of the Flowline 
m, 𝐻௟ , 𝐶௣௚ , and  𝐶௣௟ will be obtained from the PIPESIM output file.   
Task 4: Establish a suitable Insulation Configuration to keep the fluids above wax appearance temperature 
and prevent wax deposition: 
Using the estimated overall heat transfer coefficient: U (W m-2 oC-1), an appropriate insulation type and material 
would be suggested, and this depends on the value U. The suitable correlation will be utilized to obtain the needed 
insulation thickness based on the type of Insulation system and material appropriate to obtain the calculated U. 
Simulations will be carried out to determine the appropriate insulation thickness that will keep the fluids above the 
WAT during the lifetime of the field.  
Analytical calculations will guide our initial guess for the thickness required for wax-free flow.  
Task 5: Validate the suitability of the slug catcher capacity for the first stage separator and confirm the 
probability of severe slugging: 
With Brill, Beggs, and Mukherjee correlation,   
ln(𝐿௠) =  −2.663 + 5.441 [ln(𝑑)]଴.ହ +  0.059[ln 𝑉௠]                                  (7) 
Where, 
 Lm = Average slug length in feet.  
d = Line internal diameter (inches)  
Vm = Mixture velocity (ft/sec).  
𝑉௠ =  𝑉௦௟ +  𝑉௦௚                                  (8)  
Vsl and Vsg are the velocities of the liquid and gas phases respectively and are gotten from PIPESIM. The average 
length of slug will be multiplied by the area of flowline in order to estimate the slug volume (Yukie, 2014). If the 
calculated volume is less than the slug catcher capacity of the separator of 8.5m3, the catcher capacity is 
appropriate, if not, it is not appropriate and requires further work.  
The conditions for severe slugging will be evaluated too. The requirements include (Yukie, 2014): 
1) Topography: the flowline should have an elevation drop on approaching the riser.  
2) Flow Pattern: the flow must be stratified on getting to the riser. The flow pattern will be determined from 
PIPESIM. 
3) The severe slugging number ∏ < 1௦௦ .  
This is estimated using the formula given below.  
∏ =   ௦௦
หௗ௉ ௗ௧ൗ ห೛೔೛೐
ቚௗ௉ ௗ௧ൗ ೝ೔ೞ೐ೝቚ
=  
൬௓೘∗ோ∗் ெ∗ீ೒൘ ൰
ห௚∗௅೛೔೛೐∗(ଵିு೗)∗ீ೗ห
= ฬ
௉∗௎ೞ೒
௚∗௅೛೔೛೐∗(ଵିு೗)∗ఘ೗∗௎ೞ೗
ฬ                                                     (9) 
where,  
P = inlet pressure, 
 g = acceleration due to gravity 
Usg = gas superficial velocity (m/s) 
Usl = liquid superficial velocities (m/s)  
𝜌௟ = liquid density (kg/m3) 
𝐻௟  = Liquid Holdup 
Usl , Usg, 𝐻௟  , and  𝜌௟   would all be gotten from PIPESIM.  
Task 6: Confirm if Gas Lift will be needed when the volume of water is 85%.  
This will be determined with done with PIPESIM by doing the following: 
 Using 85% as the volume ratio of water under set-up compositional local default. 
 Input the appropriate flow rate, click Pressure-Distance in Pressure-Temperature profile under operations 
and then simulate. If the pressure is less than 11 bara in Pressure-Distance profile plot, then the gas lift is 
required (Schlumberger, 2011). 
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5.Results and Discussion 
5.1.Phase Envelope for Oil X 
Using the available data: the hydrocarbon was flashed using the Fluid Manager on PIPESIM. The phase envelope 
developed for Oil X is seen in Figure. 2. 
 
5.2.Selection of appropriate flowline internal diameter (ID) 
The actual outputs of the pressure-distance profile obtained from PIPESIM simulation for the various flowline IDs 
are shown in the Figure. 3. PIPESIM outputs from the plot of system outlet pressure against flow rate show that 
line size of 0.24m ID will not deliver the fluid to the platform at a pressure above 11bar using a flow rate of 3280 
Sm3/day and hence does not meet the delivery pressure requirement. Line sizes of 0.29m and 0.34m were the two 
options remaining for consideration, but for economics, it will be more economical to use 0.29m. In summary, 
0.24 and 0.34m line sizes were eliminated. The results specify the delivery pressure for each flowline and at each 
production scenario. The flowlines are used as sensitivity parameters against the various maximum, normal and 
minimum flow scenarios. 
 
Figure 2: Phase Envelope for Oil X 
 
 
Figure 3: Delivery pressure against total distance for all the flowline sizes 
Fig. 4.2 shows that the flowline sizes that will meet the delivery pressure requirements are 0.29m and 0.34m. 
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The 0.24m flowline will not achieve this when the field is operating maximum flow rate of 3280 Sm3/day. This 
means the 0.24m flowline will be rejected as an option for Field X.  
Figure 3 shows that the flowline sizes that will meet the delivery pressure requirements are 0.29m and 0.34m. 
The 0.24m flowline will not achieve this when the field is operating the maximum flow rate of 3280 Sm3/day. This 
means the 0.24m flowline will be rejected as an option for Field X.  
 
5.3. Erosion Screening 
The summary of the output for Maximum Erosional Velocity Ratio using the API RP 14E correlation is as given 
in Figure 4 using PIPESIM generated data. PIPESIM outputs from the plot of Erosional velocity ratio Vs Flow 
Rate shows that the line ID of 0.24m does not meet the API RP 14E erosion criteria because the erosional velocity 
maximum ration is greater than 1. Still, both line IDs of 0.29m and 0.34m met the erosion criteria because their 
erosional velocity maximum ratios were less than 1. However, the maximum erosional velocity ratio for IDs of 
0.29m and 0.34m estimated with PIPESIM gave a higher limit of 0.10m and 0.07m at a flow rate of 820sm3/d 
compared to the calculated maximum erosional velocity which gave 0.152m; this means that the line ID of 0.34m 
is better in terms of erosion. 
 
Figure 4: Erosional velocity ratio maximum against the various flow rates 
 
5.4. The Hydrate formation temperature (HFT) 
The HFT was estimated using Katz correlation outlined in equation 2. Microsoft Excel was used to carry out the 
iterations. The wellhead pressure of 25 bar was used to estimate the minimum temperature below which hydrate 
formation will occur because ideally, hydrates appear at high pressure. Joule Thompson expansion and cooling 
at the inlet was considered as well. After iterations and interpolation using equation (2), the hydrate formation 
temperature was obtained to be 11.43 oC. It is proven that at a lower overall heat transfer coefficient, lower 
temperature drop in the flowline is experienced. From the Katz chat, hydrate formation temperature of 11.43oC 
was estimated and using a pressure of 25 bar, a value of U = 2.60079W/m2oC was estimated with PIPESIM, 
these values met the hydrate formation conditions for the gas compositions. The wax appearance temperature of 
26oC, with a safety factor of 4oC added, was used as the temperature for estimating U, which gave a value of 
0.81W/m2 oC. A safety factor of 4oC was added to keep the flow line out of the hydrate formation and wax 
deposition zones  
 
5.5. Selection of insulation material, thickness and configuration 
Given that the WAT was obtained through experimental studies to be 26 oC, the temperature of the fluid stream 
must be kept above 30 oC for safe operations without wax deposition. Simulations were carried out to determine 
the temperature drop for the uninsulated pipeline with only a concrete coating. The variation of temperature with 
distance is given in Figure. 5. Polyurethane foam insulation with thermal conductivity of 0.03W/moC was selected. 
After simulations, insulation thickness of 0.015m was obtained to maintain the required temperature using the 
PIPESIM simulation.  
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Figure. 5: Temperature drop across the flowline for uninsulated pipeline 
The graph shows that without insulation, the hydrocarbon stream will fall below the hydrate and wax 
appearance temperatures. The various insulation pipe configurations into Consideration, Pipe-in-Pipe 
configuration was chosen. It is worthy of note to mention that the insulation chosen will apply to both the subsea 
flowline and riser. In selecting an appropriate insulation material, simulations were carried out. The constraint for 
this selection was the overall outside diameter, which should be less than or equal to 460mm. Knowing that a 
concrete coating of 40mm thickness is to be applied unto the main insulant, this leaves the required insulation 
thickness to be at most less than or equal to 32mm. Two insulation materials were considered. These were 
Polyurethane Foam (PUF) with thermal conductivity of 0.03 W m-2 oC-1 and Polypropylene Reinforced (PPPR) 
with a k value of 0.08 W m-2 oC-1. Considering Polypropylene Reinforced with an insulation thickness of 25mm, 
we had the following temperature drop, as shown in Figure 6. 
 
Figure 6: Temperature drop across the flowline insulated with Polypropylene Reinforced (25mm thickness) 
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Figure 7: Temperature drop along the riser insulated with Polypropylene Reinforced (25mm thickness) 
WAT. There is a slight drop below WAT at the riser base and in the riser. The plot showing the drop along 
the marine riser is shown in Figure 7. It was observed that the fluid gets to the platform at approximately 26 oC, 
which is the WAT. Although this is sufficient, it does not meet the safety margin criteria of 30 oC. Due to this fact, 
the insulation thickness for the PPPR was increased to 30mm and simulation was carried out. Figure 8 shows the 
temperature drop across the subsea pipeline under these conditions. 
 
Figure 8: Temperature drop across the flowline insulated with Polypropylene Reinforced (30mm thickness) 
 
Figure 9: Temperature drop along the riser insulated with Polypropylene reinforced (30mm thickness) 
Considering 30mm thickness of PPPR, it is insufficient to escape the safe operation region of 30 oC. This is 
further buttressed by the plot for the temperature drop along the marine riser. This is shown in Figure 9. The arrival 
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temperature at the platform is 28 oC which is sufficient but does not satisfy the safe operating temperature of 30oC. 
The next insulation material to consider was Polyurethane Foam (PUF). Considering PUF with a 15mm insulation 
thickness, we obtain the plots for temperature drop across the pipeline and along the marine riser. 
 
Figure 10: Temperature drop across the flowline insulated with Polyurethane Foam (15mm thickness) 
 
 
Figure 11. Temperature drop along the riser insulated with Polypropylene Reinforced (25mm thickness) 
Figures 10 and 11 show that PUF of 15 mm thickness is sufficient for safe operation above the WAT and safe 
operating temperature of 30 oC. This is chosen as it drastically reduces the overall pipeline diameter and therefore, 
installation costs. Poly-Urethane is utilized as the insulation material because of its very low thermal conductivity 
(K of 0.03W m-2 oC-1). The least flow rate of 1640 sm3/day was also satisfied by this insulation since it is the 
flowrate with the highest tendency of causing excessive temperature loss. The insulation material, configuration 
and thickness are detailed in Table 2. 
Table 2: System Insulation Configuration Output from PIPESIM 
Insulation Type Pipe-in-Pipe System 
Insulation Material Poly-Urethane Foam 
Thermal Conductivity of Material, k 0.03 W m-2 oC-1 
Required Insulation Thickness 0.015 m 
 
5.6.Terrain induced slug estimation  
This is executed using Scott, Shoham and Brill correlation. This method was used to estimate the length and 
volume of the slug, as shown in Table 3, and the tendency for severe slugging is determined.  
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Table 3: Length, Volume and Severe slugging Number for the highest and lowest flowrates 
Flow Rates Length of Slug (m) The volume of Slug (m3) Severe Slugging number 
1 (1640sm3/d) 153.677 7.010 0.19 
4(3280sm3/d) 116 7.82 0.29 
The average Slug Lengths (m) and Volumes (m3), Flow Patterns on Approaching the Riser and Severe 
Slugging Numbers for the flow rate of 3280sm3/day are given in Table 4. 
Table 4: Mean slug length, volume and slugging number for the flow rate of 3280sm3/day 
Property Value 
Flow rate 3280sm3/day 
Slug Length 135m 
Slug Volume 7.42 m3 
Flow Pattern Intermittent 
Severe Slugging Number ss 0.24 
 
5.7. Field X late-life considerations 
Considering the fact that in late life of field there will be increased water cut of 85%, modelling was done to reflect 
on the effect of this increase towards the formation of waxes and hydrates. The phase envelope changes with this 
great increase in water cut. Investigations are also into this. Figure 12 shows the Phase Envelope at the late-life of 
Field X. The system outlet temperature at 85% of water volume for the different line sizes is shown in Table 5. 
 
Fig. 12: Phase Envelope showing Hydrate Line at 85 % water cut 
 
Table 5: Outlet pressure of the different line sizes and flow rates at 85 % water volume 
Flow Rate 
(sm3/d) 
System Outlet Pressure 
(bara) 
  System Outlet Pressure 
(bara) 
System Outlet Pressure 
(bara) 
 ID=0.24 m ID=0.29 m ID=0.34 m 
1,640 10.52 11.17 9.31 
2,460 11.44 9.25 8.34 
3,280 8.59 7.98 7.78 
There are some operational modes which have to be effectively considered before finalizing the pipeline 
architecture, and they include: 
1. Blowdown: To keep the flowline system out of the wax appearance zone. This condition will happen; 
when the shut-in time is longer than the cool-down period, the blowdown process is an option. But, the 
blowdown rate should be limited to prevent Joule Thompson cooling downstream of the blowdown valve, 
and prevent brittle fracture of the flowline. 
2. Warm-up: During the warm-up process, to avoid the wax appearance temperature at every location, a 
wax inhibitor must be injected until the temperature is exceeded. Hot oiling also warms up the flowline, 
resulting in a much longer cool down periods during the warm-up process as compared to warming up 
with produced fluids. 
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3. Turndown: flow rate reduction will lead to an accompanying drop in temperature, which in turn leads to 
wax formation.  
4. Shutdown: shutdown instances include planned and unplanned shutdown from steady-state, and 
sometimes unplanned shutdown during warm-up. But for Planned shutdown, wax inhibitors should be 
injected into the system before shut down. During the Shutdown process, flowline will experience low 
temperature towards ambient conditions, causing wax formation; and can also encounter instability at 
start-up. The insulation design of “no-touch time” should be integrated into the final design. The “no-
touch time” is the minimum cool down the temperature during short maintenance without wax mitigation 
process. 
5. Start-up: wax deposition can solidify before start-up. Also, gas expansion into the low-pressure system 
during well opening will result in Joule Thompson cooling, thus jeopardizing material integrity and 
causing wax formation. 
6. Well Shut-in: For short-duration shut-ins that may be due to host facility shut-in, the insulation type 
should slow the cooling process and allow the wells to be re-started without initiation of full shut-down. 
 
6.Conclusions 
Several multiphase simulations were carried out in this work using PIPESIM software to investigate the effects of 
flowline sizes, flow rates, insulation material, type and configuration on flow assurance of waxy crude over 10.2 
km between the wellhead and the first stage separator on the platform. Considering the implications of these factors 
for flow assurance. The data and results obtained from this study suggest that line size of 0.29 m, the flow rate 
of 3280 m3/d, poly-urethane foam, and pipe-in-pipe insulation type are favourable to flow assurance of waxy crude 
with respect to maintaining the temperature of the fluids above the wax appearance temperature of 26oC and also to 
deliver the fluids to the platform at the recommended pressure of over 11 bar. Obviously, temperature drop during 
unsteady-state operation is very critical for wax deposition, and this makes it imperative that reliable insulation 
material is used for the flowline design to ensure that the temperature of the fluids within the system stays above 
the wax appearance temperature. 1n 2014, Marcia et al. concluded from their work that flow from wellhead to 
the platform with both pipe lengths of 5km and 20km resulted to outlet temperature of 19.66oC which was below 
their estimated wax appearance temperature. With transient operations like start-up and shutdown, more 
challenges have to be managed because temperatures will often be lower than that of steady-state condition, 
thereby causing wax deposition risks. 
From the PIPESIM simulations done in this work, it is very evident that the use of polyurethane foam 
insulation is highly thermally efficient for keeping the temperature of the fluids within the system above wax 
appearance temperature and flowing the fluid without wax deposition and plugging. A safety factor of 4-5oC must 
be added to the estimated wax appearance temperature for the outlet temperature value to be used in the insulation 
design to operate outside the wax deposition zones safely.  
 
6.1 Recommendations 
It will be recommended that the multiphase flow simulations be carried out for projects involving longer subsea 
flowlines than the 10.2 km flowline length considered in this work. This will help determine the optimal flowline 
lengths for insulation as a strategy for wax mitigation. Moses (2013) in his work concluded that 200km is the 
longest pipeline length optimally viable for pipe insulation, above 200km, pipeline insulation becomes 
uneconomical, hence, the need to consider flowing waxes with the recovered fluids. Marcia et al. (2014) also 
concluded that the shortest pipe length viable for insulation is 5km; below this length, the use of insulation 
becomes uneconomical. Cognizant to this, and to validate the results from this work, there is a need to perform 
replicate simulations in the future, with longer flowline lengths, different flow rates and flowline sizes from the 
ones considered in this work. Transient analysis can also be considered to capture wax deposition tendencies 
during shut down and restart scenarios. Investigations can also be done using inline heating methods to ascertain 
their effectiveness as a standalone and synergistic option for the flow of waxy oils. 
Before now, there were limited efforts to investigate the synergistic impact of factors such as flow rate, 
flowline size, water cut, insulation configuration, overall heat transfer coefficient, slugging, and transient 
operations on the wax deposition. Sequel to this, this work focuses on analyzing the above factors on waxy crude 
transportation via multiphase simulations using PIPESIM®. The MatLAB® code developed also presents a good 
avenue for insulation thickness estimation for waxy crude transportation over long distances. 
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